Abstract. The present study aimed to examine the association between 18 F-fluorodeoxyglucose ( 18 F-FDG) uptake and cell proliferation markers; in addition, the correlation between 18 F-FDG uptake and biological characteristic in patients with renal cell carcinoma (RCC) was investigated using dual-phase 18 F-FDG-positron emission tomography/computed tomography (PET/CT). Dual-phase 18 F-FDG PET/CT was performed on 31 RCC patients and the maximum standardized uptake values at 1 h (SUV1) and 2 h (SUV2) as well as the retention index (RI; %) in the primary tumors were calculated. Monoclonal antibodies for Ki-67, minichromosome maintenance 2 (MCM2) and topoisomerase II α (topo II α) were used to assess the expression levels of their respective proteins in excised tumor tissue using immunohistochemistry. The results demonstrated that RI and SUV2 in patients with Stage I/II + grade 1 (G1) RCC were significantly decreased compared with all patients with other stages/grades (RI, P= 0.0065; SUV2, P= 0.043); in addition, significantly increased uptake and RI were detected in patients with metastases compared with patients without metastases (SUV1, P= 0.029; SUV2, P= 0.0003; RI, P<0.001). All proliferation markers significantly correlated with RI (Ki-67, r= 0.501, P= 0.004; MCM2, r= 0.359, P= 0.047; topo II α, r= 0.402, P= 0.024), while SUV1 and SUV2 correlated with Ki-67 only. In conclusion, the results of the present study demonstrated that dual-phase 18 F-FDG-PET/CT was more useful for predicting cell proliferation in RCC compared with single-phase imaging alone.
Introduction

F-fluorodeoxyglucose (
18 F-FDG)-positron emission tomography (PET) is useful for evaluation of post-surgical recurrence and distant metastasis, therapeutic response to multikinase inhibitor in metastatic renal carcinoma, and prediction of prognosis for advanced renal cell carcinoma (RCC) (1) (2) (3) (4) . However, the utility of 18 F-FDG-PET for evaluating primary tumors is controversial. As the urinary tract is the major excretion route of 18 F-FDG, high background activity may mask uptake by primary lesions; therefore, the sensitivity, specificity and accuracy for primary RCCs have been variable in previous studies (1, 5) .
Tumor cell proliferation has been reported to correlate with tumor growth and patient prognosis (6) . Commonly used immunohistochemical cell proliferation markers include Ki-67 antigen, minichromosome maintenance protein 2 (MCM2) and topoisomerase II α (topo II α) (7) (8) (9) (10) . The Ki-67 antigen expression is indicative of the proportion of active cells throughout the cell cycle, which makes it an excellent marker for determining the growth fraction of cell populations (7) . MCM2 is a superior marker to Ki-67 for assessment of the cell cycle, pathological factors and prognosis in RCC patients (8) . Topo II α was reported to be a potential marker of anticancer agent efficacy; in addition, its marked expression in highly malignant RCCs suggests a potential therapeutic use for topo II α inhibitors (9, 10) .
Correlations between tumor cell proliferation and 18 F-FDG uptake have been investigated in various malignant tumors (11) . However, to the best of our knowledge, the association between tumor cell proliferation and 18 F-FDG uptake in RCC patients remains to be elucidated. The aim of the present study was to evaluate the association between 18 F-FDG uptake, cellular proliferation markers and tumor behavior in RCC patients.
Materials and methods
Patients. Eligibility for recruitment into the present study required a histological diagnosis of RCC. Clinical staging was performed using 18 F-FDG-PET/computed tomography (CT), 18 F-FDG injection and whole-body imaging. Non-contrast whole-body full-dose CT scans were initially acquired, using the following parameters: 200 mAs; 120 kV; 0.75 sec/tube rotation; slice thickness, 3 mm; scan length, 940 mm; and data acquisition time, 40 sec. CT scans were acquired during breath-holding in the expiratory phase. Immediately following CT acquisition, PET scans from the auditory meatus to the mid-thigh were acquired, with a time of 2 minutes 30 sec per cradle position using the three-dimensional acquisition mode. The total acquisition time was ~30 min. Images were reconstructed using the standard reconstruction protocol (14) . Delayed imaging from the level of the liver to the kidneys was performed at a mean of 124.60±7.73 min (range, 110-138 min) following the administration of 18 F-FDG using identical parameters.
F-FDG PET/CT image analysis.
A nuclear medicine physician with nuclear medicine experience of 17 years (Dr Hayato Kaida) and a nuclear medicine physician with 30 years of nuclear medicine experience (Professor Masatoshi Ishibashi) independently evaluated the whole-body PET/CT images for the presence of abnormally increased uptake in the kidney. Images were displayed on a Philips PET/CT workstation (Philips Medical Systems, Inc., Cleveland, OH, USA). A volume of interest (VOI) was placed over areas of abnormal uptake on axial images in order to calculate the maximum standardized uptake value (SUVmax) from the whole tumor. The VOI was drawn with reference to the 18 F-FDG-PET image of PET/CT, CT image of PET/CT and contrast-enhanced CT or MRI. This was adjusted manually by visually inspecting the primary tumor outline in order to avoid overlapping with adjacent 18 F-FDG-avid structures or the interference of substances with physiological uptake, such as urine. The SUVmax (in ng/ml) of RCC-associated accumulation was calculated at 1 h (SUV1) and 2 h (SUV2) following the administration of Immunohistochemistry. Patients underwent radical nephrectomy (35 cases), partial nephrectomy (2 cases) or biopsy (1 case), and resected specimens were routinely fixed in 10% formaldehyde and embedded in paraffin. Two tissue cores (diameter, 1 mm; height, 5 mm) were taken from the primary block for each sample to construct tissue microarrays (TMA), as previously described (15) . Paraffin-embedded tissue samples were cut (3-µm thick) from the TMA blocks and incubated mouse monoclonal anti-Ki-67 (1:100; clone MIB-1; cat. no. M7240; Dako, Glostrup, Denmark), anti-MCM2 (1:400; clone BM28; cat. no. 610700; BD Transduction Laboratories, Lexington, KY, USA) and anti-topo II α (1:100; clone 3F6; cat. no. NCL-TOPO IIA; Novocastra, Newcastle, UK) primary antibodies overnight at 4˚C. The BenchMark ULTRA automated system (Ventana Medical Systems, Inc., Tucson, AZ, USA) was used for Ki-67 immunostaining. Briefly, each slide was heat-treated using a Ventana CC1 retrieval solution for 60 min at 95˚C, and then incubated with the Ki-67 antibody for 30 min at 37˚C. The automated system used the Ventana UltraView DAB detection kit with polyclonal goat horseradish peroxidase-conjugated secondary antibody with 3,3'diaminobenzidine (DAB) as the chromogen (Ventana iVIEW DAB detection kit; Ventana Medical Systems, Inc.). Next, each slide was incubated with secondary antibody for 30 min at 37˚C. Immunostaining for MCM2 and TOPIIα were performed on the same, fully-automated Bond-Max System (Leica Microsystems, Ltd., Newcastle, UK) using onboard heat-induced antigen retrieval with epitope retrieval solution 2 (Leica Microsystems, Ltd.) for 30 min at 99˚C, and incubated with each antibody for 30 min at room temperature. This automated system used a Refine polymer Detection kit (Leica Microsystems, Ltd.) with horseradish peroxidase-conjugated polyclonal anti-mouse or rabbit IgG secondary antibody and DAB as the chromogen. The slides were incubated with secondary antibody for 30 min at room temperature, then visualized using DAB.
The immunohistochemical staining of Ki-67, MCM2 and topo II α was independently evaluated by two experienced observers without prior knowledge of the clinical parameters or patient conditions. Using a Provis AX80 microscope (Olympus Corporation, Tokyo, Japan), an average of 1,000 nuclei were counted per slide (magnification, x400): Labeling index (LI; %) = (number of positive-staining nuclei/total number of cells counted) x 100.
Distant metastasis and follow up. When metastatic bone tumors were indicated by 18 F-FDG-PET/CT, contrast-enhanced MRI and bone scintigraphy were performed to confirm bone metastasis. When liver tumors or lung metastasis were indicated by 18 F-FDG-PET/CT, these metastatic tumors were confirmed by contrast-enhanced abdominal CT and chest CT. Clinical/radiographic follow-up was performed every 3 months using CT or MRI.
Statistical analysis. Spearman's rank correlation test was performed to assess any association between dual-phase 18 F-FDG-PET/CT parameters (SUV1, SUV2 and RI) and each cell proliferation marker (Ki-67, MCM2 and topo II α). The Wilcoxon rank sum test was performed to compare the dual-phase 18 F-FDG-PET/CT parameters of tumor behavior (metastasis vs. without metastasis; Stage I/II+G1 vs. other stages/grades). Intra-class correlation coefficient (ICC) was obtained from the SUVmax of both early and delayed images and RI index to assess the intra-and inter-observer reproducibility by two nuclear physicians. Statistical analyses were performed using SAS software, version 9.3 (SAS Institute Inc., Cary, NC, USA). P<0.05 was considered to indicate a statistically significant difference between values.
Results
Pa t ien t a n d t u m or ch a ra cterist ics.
D u a l-ph a s e 18 F-FDG-PET/CT was performed on 38 patients with suspected primary RCC. Between July 2011 and November 2012, 37 of these patients underwent surgical resection. The remaining patient underwent a percutaneous core needle biopsy, as the RCC was Stage IV (clinical T 4 N 2 M 1 ); this patient was included in the present study, as the histopathological finding of RCC was obtained from all five biopsy sites. A total of 32 patients were pathologically diagnosed with RCC; 6 of the 38 patients had benign tumors (angiomyolipoma, n=4; cyst, n=2) and one patient with RCC was excluded from the present study, as they underwent neoadjuvant chemotherapy prior to surgery. In total, 31 patients (22 males and 9 females) were included in the study. The median age was 66 years (range, 41-88 years). Eight patients had either solely distant metastases (n=6) or both lymph node and distant metastases (n=2). The majority of tumors were clear cell carcinoma (n=26, 84%). Patient and tumor characteristics are shown in Table I . 
Associations between tumor characteristics and
18 F-FDG uptake parameters. SUV1 and RI were compared between patients with (n=8) and without metastases (n=23), as well as between patients with Stage I/II+G1 lesions (n=13) and other stages/grades (n=18) (Fig. 1 ). SUV1 and SUV2 demonstrated significantly higher accumulation and RI showed a significantly higher value in the group with metastases compared with the group without metastases (SUV1, P= 0.029; SUV2, P<0.001; RI, P<0.001). No significant difference in SUV1 was observed between patients with Stage I/II+G1 lesions and those with other stages/grades (P= 0.14). However, RI and SUV2 were significantly lower in the Stage I/II+G1 group (RI, P= 0.0065; SUV2, P= 0.0432).
Expression of cellular proliferation markers.
The expression of the cellular proliferation-associated proteins Ki-67, MCM2 and topo II α was observed as dense immunostaining of the nucleus, whereas an absence of dense staining was observed in the cytoplasm and cell membrane. The median expression (Table II) . Distant metastasis. A total of eight patients had distant metastases, including bone metastasis (n=5), lung metastasis (n=3) and liver metastasis (n=1), of which one patient had liver and bone metastases. The positive findings of 18 F-FDG uptake in bone metastasis were observed in all five patients and the positive finding of 18 F-FDG uptake in liver metastasis was observed in one patient. 18 F-FDG PET/CT revealed that one of the three suspected lung metastasis patients had 18 F-FDG avid metastatic lung tumors; however, these were not observed in the other two patients. Metastatic lung tumors were diagnosed by chest CT. One of the five suspected bone metastasis patients was confirmed to have bone metastasis through pathological procedure and MRI. The mean duration for clinical/radiographic follow-up was 640.5±258.7 days (range, 246-1055 days). Mortality occurred in two of the eight patients due to metastatic tumor progression or local recurrence. Seven metastatic tumor patients were treated with molecular target therapy and five bone metastatic bone tumor patients were treated with radiotherapy, denosmab and bisphosphonate.
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Discussion
The association between cancer cell proliferation and 18 F-FDG uptake has been reported in numerous solid malignancies (16) (17) (18) (19) . In addition, previous studies have investigated the association between Ki-67 expression and 18 F-FDG uptake in cancer cells (20) . The present study aimed to identify a correlation between two additional markers, MCM2 and topo II α, and 18 F-FDG uptake in order to quantify the proliferation activity of cancer cells at all stages of the cell cycle. These three cell proliferation markers have previously been associated with tumor aggressiveness in RCC (21) (22) (23) ).
In the current study, MCM2 demonstrated the highest expression of all proteins; in addition, its LI was significantly higher in patients with metastases for all proteins compared with patients without metastases, which supported previous findings (8, (21) (22) (23) . Dual-phase imaging is reported to improve the lesion-to-background ratio due to a gradual decrease in background activity (24, 25) . Aide et al (25) noted higher lesion-to-background contrast on delayed images in an RCC patient. Wahl et al (26) , using a nude mouse model, reported that the tumor-to-background ratio increased continuously with time. Therefore, dual-phase scans in the present study were performed based on these past reports.
In the current study, SUV1 and SUV2 were found to be significantly correlated with Ki-67 expression, although they did not correlate with MCM2 and topo II α expression. By contrast, RI significantly correlated with Ki-67, MCM2 and topo II α expression. Wong et al (27) reported that 18 F-FDG and 3-Deoxy-3-[
18 F]-fluorothymidine uptake were significantly correlated with Ki-67 expression and that 18 F-FDG uptake in RCC was associated with cell proliferation. The results of the present study demonstrated that SUV1 was correlated with Ki-67 expression; these findings are in agreement with previous studies which reported that SUV1 was correlated with glucose transporter (GLUT)-1 expression and SUV2 correlated with GLUT-1 as well as hexokinase (HK-II) expression (28) (29) (30) . RI is linked with HK-II expression and is a known marker of phosphorylation (28) . The current study found that SUV1 significantly correlated with SUV2, but not with RI; in addition, SUV2 correlated with RI. Therefore, in RCC, HK-II expression may be associated with SUV2 but not with SUV1. All eight cases with distant metastases had increases in RI. In addition, RI correlated with Ki-67 expression, Topo II α and MCM2, whilst SUV1 and SUV2 correlated with Ki-67 expression alone, suggesting that RI may be more useful for predicting cell proliferation of RCC than SUVmax. A previous study reported that RI is linked with hexokinase expression and that RI is a marker of phosphorylation (28) . These data indicate that hexokinase and phosphorylation rate may be more closely associated with cell proliferation in RCC. However, immunohistochemical staining of hexokinase was not performed in the present study, and the relationship between RI and hexokinase expression should be investigated in the future.
In the present study, the SUV2 and RI of patients with metastases were significantly higher compared with those patients without metastases. The SUV2 and RI of the patients with Stage I/II+G1 lesions were significantly lower compared with patients with other stages/grades; however, SUV1 was not significantly altered. Ozülker et al (31) suggested that the Fuhrman grade of 18 F-FDG uptake-positive patients was increased compared with that of 18 F-FDG uptake-negative RCC patients (31). Ho et al (32) reported that the SUVmax in high-grade RCCs was higher compared with that in low-grade tumors. In the present study, the SUV2 values of eight patients with distant metastases were significantly higher than the SUV1 values, suggesting a link between tumor behavior and SUV2 or RI. This therefore indicated that SUV2 and RI may reflect tumor aggressiveness more accurately than SUV1.
The association between RI and cell proliferation markers or tumor behavior has been investigated in previous studies. In malignant lymphoma, dual-phase 18 F-FDG-PET/CT was reported to be useful for predicting cell proliferation due to its significant correlation with Ki-67 expression and RI (33) . In breast cancer patients, RI was demonstrated to be more closely associated with biologic and clinical parameters, including Ki-67 expression, histologic grade and Her-2 expression, compared with SUVmax (34) . RI may therefore be a useful marker for predicting cell proliferation and clinicopathological factors.
The mechanism of 18 F-FDG uptake by RCC is controversial. Aide et al (25) suggested that 18 F-FDG uptake by RCC may be associated with tumor size, but not with tumor grade. The present data suggested that tumor cell proliferation may contribute to 18 F-FDG uptake in RCC; however, further investigation is required.
There are certain limitations in the present study. The number of RCC patients included in the study was small; however, to the best of our knowledge, previous studies regarding dual-phase 18 F-FDG-PET imaging in RCC patients were also limited. Aide et al (25) used only one case and Ozülker et al (31) used 18 cases. Therefore, the present study has an increased number of RCC patients compared with these previous studies and was the first to research the association between RI and certain cell proliferation markers. In addition, the associations between practical prognosis and RI or cell proliferation markers have not been investigated. The association between prognosis of RCC and 18 F-FDG uptake have been previously reported (35) ; however, the association between the prognosis and 18 F-FDG uptake in addition to cell proliferation markers have not been investigated. If the prognosis of RCC patients may be predicted using RI and cell proliferation markers, the resultant data may have an impact on the management of therapy in RCC patients. The analysis of the prognosis of RCC using RI and cell proliferation markers should therefore be further investigated in a larger population of RCC patients.
In conclusion, dual-phase 18 F-FDG-PET/CT is more useful for predicting cell proliferation in RCC compared with single-phase imaging alone. In addition, RI is a noninvasive and useful marker for predicting cell proliferation and tumor behavior in preoperative RCC patients.
